With the advent of segmental liver allografts from liver donors, reduced-size cadaveric allografts, and split cadaveric allografts, pediatric pre-transplantation patient mortality has reduced. However, this expansion of the donor pool for size-appropriate allografts for patients with end-stage liver disease has led to an increased incidence of biliary complications. We performed a retrospective review of our series of 242 pediatric patients who received a liver transplantation. Biliary complications at our institution are presented, with a review of the current literature identifying risk factors that predispose pediatric liver transplant patients to biliary complications. We present the protocol used at our institution to minimize risk of biliary complications in our pediatric post-operative patient population.
Introduction
The survival rate of pediatric liver transplant patients currently approaches 95%. This has been possible in part by an increased pool of donor allograft sources. Historically, the number of cadaveric organs available was insufficient to satisfy the needs of this patient group; therefore, in order to meet their needs, the donor pool of whole pediatric cadaveric allografts was expanded to include segmental liver allografts from living donors, reduced-size cadaveric allografts, and split cadaveric allografts. These technical variants have reduced the mortality rate of pediatric pre-transplantation patients to nearly zero by increasing the availability of size-appropriate grafts for patients with end-stage liver disease [1, 2] . In addition, the overall survival has exceeded expectations because of the improvements in immunosuppressive therapy, organ preservation, donor allocation, and postoperative care. However, this expansion of the donor pool for size-appropriate organs has led to an increased risk in postoperative vascular and biliary complications [3] [4] [5] [6] . Despite refinements of surgical techniques, the incidence of biliary complications is between 15% and 64%; they represent the most common problems after pediatric liver transplantation [3, 4, [7] [8] [9] [10] . The complications include biliary stenosis and stricture with proximal dilatation, biliary leakage, intrahepatic biliary stones and sludge, hemobilia and bilomas. The most common of these complications are stricture of the biliary tree, both anastomotic and non-anastomotic, and biliary leakage.
Several risk factors affect the development of biliary complications after pediatric liver transplantation, including allografts of donors after cardiac death (DCD), blood type incompatibility, prolonged use of vasopressors in donors, cytomegalovirus (CMV) infection, x (PSC), and allograft rejection within the recipient [11] [12] [13] [14] [15] [16] . Surgical techniques of biliary reconstruction play a major role in preventing complications postoperatively. Prolonged cold and warm ischemia times, reperfusion injury, previous biliary leak, need for reoperation immediately after transplantation, hepatic artery thrombosis, Roux-en-Y reconstruction, biliary reconstruction using a T-tube, and even the type of allograft infusate are risk factors for biliary complications [3, 12, [16] [17] [18] [19] [20] . A retrospective study at a high-volume academic center found that patients who had to be taken back to the operating room for nonbiliary issues (e g. bleeding), as well as patients who received an allograft from a DCD or a living donor, had a higher risk for biliary complications refractory to endoscopic therapy [21] .
In this report we present our patient experiences in a single, highvolume liver transplant center and offer our surgical technique to be considered as a part of standard of surgical care in pediatric liver transplantation. We reviewed the current literature on biliary complications after pediatric liver transplantation for a thorough examination of risk factors.
Methods and Materials
We reviewed the liver transplantation data of 1080 patients treated at our institution from September 1998 to October 2011 and identified 242 pediatric patients who had received a liver transplant. Of these 242 patients, two (0.8%) presented with postoperative anastomotic biliary strictures that was successfully treated with image guided interventional therapy. One of the patients had received a whole organ allograft and the other a partial deceased donor allograft. We reviewed the charts of these patients and present their clinical course below.
Case Reports Case 1
A 7 week-old female patient with extrahepatic biliary atresia and situs inversus was treated with a Kasai procedure, which subsequently failed. At 17 months of age she received an ex-vivo left lobe cutdown allograft with an end-to-side hepaticojejunostomy and an internal pediatric feeding tube. Her course was complicated by an intrahepatic abscess which was percutaneously drained on POD 14. Two months postoperatively, the patient had moderate-to-severe acute cellular rejection that required pulse steroidal therapy. She also tested positive for CMV antigenemia that required IV ganciclovir. At 7 months postoperatively, she suffered posttransplant lymphoproliferative disease (PTLD). In addition, an abdominal ultrasound performed for obstructive symptoms revealed dilatation of the extrahepatic biliary tree with mild intrahepatic biliary ductal dilatation when compared with the ultrasound result from the previous month. Results of a percutaneous transhepatic cholangiography (PTC) showed a choledocho-jejunal stricture at the anastomotic site, which was treated with an external biliary catheter. Eight months after the transhepatic catheter was placed (15 months after the liver transplantation) a cholangiography showed that the stricture had resolved and the biliary drain was removed. The patient has since not had further biliary issues and is currently in remission after chemotherapy for her PTLD.
Case 2
The second patient received a diagnosis of ornithine transcarbamylase deficiency (OTCD) when he was 2 days old. He underwent transplantation with a whole organ allograft at 4 months of age. The allograft required an iliac interposition arterial graft because the initial recipient hepatic artery to donor celiac trunk anastomosis did not offer acceptable flow, opening the possibility of tension on the original anastomosis. We performed a Roux-en-Y hepaticojejunostomy for biliary reconstruction with a pediatric feeding tube placed to serve as an internal stent. The patient presented with obstructive symptoms months after transplantation. PTC results confirmed a biliary stricture at the site of the choledochojejunostomy anastomosis, which was treated with an externalized catheter. This resulted in resolution of the stricture 16 months after transplantation.
Techniques of Biliary Reconstruction
The Roux-en-Y choledochojejunostomy was the original technique of biliary reconstruction used by Starzl, the pioneer of a successful pilot liver transplantation program more than 50 years ago [22] . Today, as half a century ago, Roux-en-Y choledochojejunostomy reconstructions are used in pediatric patients with size discrepancies between donor and recipient biliary systems, minute biliary ducts difficult to anastomose, and pre-existing biliary disease. Duct-to-duct anastomosis of the biliary system is also a viable option for workable duct sizes, preferred when feasible because of its advantages, which include preservation of the sphincter of Oddi, preservation of the bilioenteric physiology (and thus prevention of biliary colonization with enteric bacteria) and a shorter operative time. Not the least of these advantages is the convenience of allowing for endoscopic access to the biliary system, which is especially critical for treating biliary complications that may arise postoperatively [23] .
Baylor college of medicine biliary reconstruction technique
Our constant review of the literature has suggested that our procedure has evolved to a standard operative technique. Basic tenets guide our liver transplantation procedures, both in the donor allograft preparatory stage and the recipient implantation stage which has allowed for better than average outcomes and is as follows. 
Donor surgical technique
Bile duct trauma is avoided at all cost by refraining from electrocautery anywhere near the biliary system, and using only sharp dissection when working in that anatomical territory. Gentle handling of the donor allograft is essential because biliary tension may lead to ischemic injury, a significant risk factor for biliary stricture. Another principle is to flush donor organs strictly with HTK solution. It's been suggested that the lower viscosity of the HTK solution, compared to UW solution, allows for greater perfusion of biliary vasculature, again preventing ischemic injury of the biliary system [24, 25] .
Recipient surgical technique
Minimizing both cold and warm ischemia times helps to minimize leaks and the risk of biliary stricture. We do not use venoveno bypass. We suture arterial anastomoses with interrupted suture technique. We anastomose the celiac trunk of the donor allograft to the common hepatic artery of the recipient in an end-to-end, interrupted fashion with 8-0 Prolene-sutures.
In a review of the techniques used in 321 transplant patients, one study noted a tendency toward a lower incidence of strictures with interrupted sutures and a lower incidence of leakage with continuous sutures [26] . We apply this principle by running a continuous suture on the posterior wall and completing it with interrupted stitches on the anterior wall in all venous systems [27] . For biliary reconstruction using choledochocholedochostomy or duct-to-duct anastomosis, we use interrupted Prolene sutures. The knots are tied outside of the lumen and no T-tube is ever used.
For biliary reconstructions with the Roux-en-Y, we also use interrupted absorbable sutures, as well as a feeding tube as a stent for the bilioenteric anastomosis.
In a sample group of 49 patients with a biliary complication rate of 2%, Tsuchie et al. have shown that biliary reconstruction with wideinterval interrupted suture can prevent anastomotic strictures and biliary leakage in pediatric living donor liver transplants [28] . We create a Roux-en-Y hepaticojejunostomy for biliary reconstruction with a pediatric feeding tube placed to serve as an internal stent. After a defunctionalized jejunum limb is created, a jejunojejunostomy is sewn in a side-to-side, functional end-to-side manner in two layers. The outermost layer is sewn with 4-0 silk in an interrupted Lembert fashion and the innermost layer with of 4-0 Vicryl in a running Connell fashion. The mesenteric defect is closed with 4-0 running silk stitches. The common hepatic duct is anastomosed to the Roux limb in an end-to-side fashion with 7-0 PDS interruptedly. The pediatric feeding tube is placed as an internal stent in an anticolic manner.
Surgical risk factors to biliary complications
Biliary complications delay post-OLT recovery, reduce quality of life, and may also reduce function and long-term survival of the allograft, which necessitates re-transplantation. Biliary complications are a major source of morbidity, graft loss and potential mortality that cannot be dismissed [5, 9, [29] [30] [31] . A 15-year study of 389 pediatric liver transplant patients in a single institution in Spain showed that 105 patients had biliary complications (27%), usually in the first three months after transplantation [3] . This illustrates the pervasiveness of the problem, which plagues even high volume centers with greater experience. Early postoperative biliary complications are described as technical in nature, and can encompass insufficiency of the biliary anastomosis to the dislocation of T-tubes [32] . Biliary complications that develop months or years after liver transplantation can be categorized by localization into anastomotic, i.e., those affecting the anastomotic site or the ampulla of Vater, or nonanastomotic, ie those affecting the intra-or extrahepatic biliary tree [20] . The former can be treated successfully with endoscopic dilatation and stenting [21, 33, 34] . In contrast, nonanastomotic strictures are a major therapeutic difficulty, often leading to re-transplantation.
A. Ischemia
Biliary strictures and leaks are one of the most common and troublesome complications of a pediatric liver transplantation. Although the exact pathophysiology is not yet determined, ischemia is often correlated with progression toward these complications. Ischemic arterial events include hepatic arterial stenosis or thrombosis and can result in bile duct strictures, leaks, cholangitis, sepsis, and abscess formation. Ischemia is responsible for infarction of the biliary epithelium, which creates multiple foci of intrahepatic biliary ductal strictures anywhere in the biliary tree [3] . Anatomically, the common bile duct of the recipient has rich collateral blood flow uninterrupted by surgery, but the donor's duct and the proximal intrahepatic ducts receive blood from the reconstructed hepatic artery. Because the blood supply to the biliary tract depends solely on arterial inflow, blood flow disruptions through the peribiliary plexus may result in insufficient preservation and subsequent damage of the biliary epithelium [35] .
The previous experiences highlight the importance of minimizing both warm and cold ischemia times intraoperatively. Prolonged ischemia time has been shown to increase the risk of biliary complications. Cold ischemia time (CIT) has repeatedly shown to increase the risk of these complications, which are usually associated with intrahepatic strictures [12, 17, 18, 36] . Warm ischemia time (WIT) has been described as an independent risk factor for biliary complications, associated with both anastomotic and intrahepatic strictures as well as biliary leaks [19, 37, 38] . The procurement time affects the first warm ischemia time (WIT) in addition to the subsequent cold ischemia time (CIT) and reperfusion injury [35] .
Sánchez-Urdazpal showed a correlation between CIT and ischemic type biliary lesions (ITBL); the incidence of biliary complications increased with increasing CIT [36] . About 2% of patients presented biliary complications when CIT was < 11.5 hours, but this percentage increased to 35% and 52% when CIT was 11.5 to <13 hours, and ≥13 hours, respectively. This study has influenced the use of this liver transplant technique; many centers now try to keep CIT less than 10 hrs. It's been suggested that CIT may promote ITBL by direct ischemic injury of the biliary epithelium which then increases susceptibility of the biliary epithelium to a second factor, such as reoxygenation injury or secondary ischemia of the biliary epithelium due to damage of the peribiliary arterial plexus [35, 36] .
Noack et al. have shown that reperfusion injury is contributory to ITBL; biliary epithelial cells are more vulnerable to reperfusion/ reoxygenation injury than hepatocytes [39] . Although anoxia did decrease ATP levels, cell death rate after reoxygenation was higher in bile duct epithelial cells. The authors have suggested that the difference in cell susceptibility might be explained in part by the differences in reactive oxygen species between both cell types.
In an attempt to understand the biliary changes that occur after hepatic artery ischemia, Lu et al. used a canine model to replicate the ischemic event during liver transplant (in situ hepatic infusion via the gastroduodenal artery and gastroduodenal vein) [40] . The authors then compared the outcomes of dogs with constant hepatic perfusion with those of dogs with 60 minutes of hepatic artery clamping (after portal perfusion was reestablished). The dogs with 60 minutes of hepatic artery clamping had significantly more collagen deposits and leukocytic infiltration in the biliary ductal walls at 6 hours, 3 days, and 14 days post-operatively than the control group. Lu et al. suggested that the collagen deposits might have induced myofibroblast transdifferentiation in the intrahepatic bile duct that resulted in biliary fibrosis [40] .
After reviewing transplant data of 1843 patients (3.9% developed ITBL), Heindenhain et al. reported donor age and cold ischemia time to be significant variables in the development of ischemic-type biliary lesions [20] . Furthermore, those allografts perfused with University of Wisconsin solution developed ITBL more often that HistidineTryptophan-Ketoglutarate (HTK)-perfused organs (p=0.036), and were imported organs, i.e. organs that did not undergo hepatic arterial perfusion pressure. These findings changed their clinical protocol to enforce strict limitation of CIT to <10 hrs and the exclusive use of HTK solution.
Hepatic artery thrombosis and stenosis (HAT/HAS) has been reported a risk factor for biliary complications. A retrospective study by Dacha et al. found a statistically significant increased risk for biliary strictures, both anastomotic and nonanastomotic, in patients who had experienced HAS [18] . The condition worsened when accompanied by prolonged CIT.
B. Choledochocholedochostomy with T-tube
Choledochocholedochostomy with T-tube placement was a surgical standard of care in the 1970s and 1980's. The technique was intuitive enough, and had the advantages of allowing for monitoring the quantity and quality of bile postoperatively and providing easy access for cholangiography of the biliary system. The rational was that by reducing the intraluminal pressure, the bile ducts would be less likely to leak, and the T-tube could potentially serve as a stent to reduce the incidence of stricture. Unfortunately, the procedure also caused biliary peritonitis and cholangitis. Furthermore, Wang et al. have suggested that 10-60% of biliary complications were directly related to T-tube use in biliary reconstruction [37] . Although there is great debate in regards to the use of T-tube and its after-effects in the postoperative stage, no clear evidence exists for the standard use of T-tubes during liver transplantation. Riediger et al. [41] performed a meta-analysis on 6 randomized controlled trials, and found no clear evidence in favor of using T-tube during orthotopic liver transplantation; the odds ratio for biliary complications between use and no use of T-tubes was 1.15 and not significant. Sundaram et al. found not only that the incidence of biliary strictures has increased between the pre-and post-MELD eras, but those biliary leaks were strongly linked to the use of T-tubes during liver transplantation [42] .
C. Biliary Stent
Stent placement is associated with minimal risk of complications. However, this is supported only by small amount of data that shows a decrease in biliary leak rate. Welling et al. used multivariate analysis to retrospectively study liver transplant data of 256 patients and found that use of an internal stent was an independently protective factor against biliary strictures, and that use of a transcystic/internal stent trended toward protecting against leaks as well, though it was not statistically significantly [19] .
D. Allograft Infusate: HTK vs UW
Histidine typtophan ketoglutarate (HTK) and University of Wisconsin (UW) solutions are used in the preservation of liver allografts for transplantation. Biliary complication rates of patients infused with UW solution are higher than the rates of patients infused with HTK solution. Conversely, HTK solution has a protective effect against biliary stricture [19, 25, 29] .
Studies have suggested that the viscosity of the solution used to infuse donor allografts may play a role in the development of biliary lesions. The UW preservation solution is highly viscous; concern exists that it might not completely flush out the small peribiliary arterial plexus and therefore lead to obstruction that may result in poor bile duct preservation with subsequent ischemia [35] . Moench et al. have provided more evidence that insufficient perfusion of the peribiliary plexus might contribute to the development of ITBL, though acknowledges they could not differentiate these outcomes between preservation solutions [43] . These investigators have shown that additional flushing of the peribiliary plexus with controlled arterial backtable pressure perfusion is associated with considerable reduction in ITBL after preservation. In addition, proper use of liver and the extrahepatic bile duct harvesting techniques is essential to preserve the viability and vasculature of the bile duct. Although it has never been studied in a clinical trial, the benefit of covering the extrahepatic bile duct with as much tissue as possible is accepted by every surgeon. Stripping of the bile duct should be avoided to prevent injury to the microcirculatory blood supply [35] . Finally, Heidenhain et al. reviewed the data of over 1800 patients and found that allografts perfused with UW solution developed ITBL more often than allografts perfused with HTK solution (p=0.036) [20] .
Discussion
In an effort to reduce the incidence of biliary complications, we do not use extended ischemic times, both warm and cold. Because biliary epithelia cells are more sensitive than hepatocytes, ductal trauma is avoided at all cost; we do not use electrocautery near the biliary tree. We have abandoned use of UW solution, replaced by HTK solution to preserve and flush the allografts. We perform wide interrupted biliary and arterial anastomoses with a continuous portion on the venous posterior wall. Our sutures are absorbable and the knots are placed outside of the lumen.
In our institution, the size of the donor allograft and the recipient's biliary systems determine whether to use duct-to-duct anastomosis or a Roux-en-Y hepaticojejunostomy. Heffron et al. presented data on 89 pediatric patients treated with either duct-to-duct anastomosis or Roux-en-Y hepaticojejunostomy [5] . Patient outcomes in both groups were similar, but partial liver grafts did have higher incidence of biliary complications. Haberal et al.'s retrospective study of 31 pediatric patients who had received living donor liver transplantation found duct to duct biliary reconstruction without a stent to be a safer technique for biliary reconstruction (15% biliary complication rate) [23] . Another study by Kakamoto et al. suggested that the use of a trans-anastomotic biliary tube may help to avoid biliary complications when using left-lobe grafts in selected cases of duct-to-duct anastomoses [44] . Our institution has not found that to be a necessary addition to our operative technique.
Another study by Shirouzu et al. reported no differences in the outcomes of 10 infant patients who underwent a duct-to-duct choledochocholedochostomy or a Roux-en-Y hepaticojejunostomy for biliary reconstruction [45] . We employ both techniques as the anatomy allows, preferring choledochocholedochostomy anastomosis where it is feasible and safe; the advantages range from decreased ischemia time to accessibility for endoscopic imaging and therapy, should the need arise.
We decided not to use T-tubes in the management of our transplant patients. Meta-analysis of a randomized controlled trial showed that, although reconstruction with a T-tube may have the potential to reduce long term morbidity with respect to late strictures, there is no equivocal evidence in favor of using a T-Tube during OLT. The odds ratio for biliary complications was 1.15 and not significant, ultimately revealing no differences in biliary complication rates between usages of T-tubes [41] . Chang et al.'s study included 253 liver transplant recipients with 17% biliary complication rate [46] . Multivariate analysis found that use of T-tube and older age were significant variables that predisposed to leakage and that organ rejection and male sex predisposed to stricture. Before 2002, T-tube usage was the strongest risk factor for biliary leakage in transplants performed in a Sri Lankan institution [42] . Other institutions have reported a decrease in biliary complication rate over 2 decades, most likely because they abandoned the routine use of T-tubes [47] . Because biliary leaks are risk factors for biliary stricture, we have found little benefit in using Ttubes, and in fact, have not observed significant patient complications after we abandoned this procedure.
In the two cases of biliary stricture presented here, we diagnosed and treated the patients with percutaneous transhepatic cholangiography (PTC). Although PTC offers options, including balloon dilatation, drainage, and stent placement, surgical reconstruction or re-transplantation may be required in refractory cases. Biliary leaks are another threat to the pediatric liver transplant patient. Clinical manifestations vary, ranging from mild abdominal symptoms to septicemia shock [3] . Effective use of appropriate techniques is required to prevent morbidity and potential mortality associated with pediatric liver transplantation, understanding the risk factors involved. Because our institution has experienced favorable outcomes with our current protocol, we offer our technique for consideration.
Summary
Biliary stricture and leakage are common complications after liver transplantation, but represent just some of the biliary complications that can occur. These include ischemic type biliary lesions, sphincter of Oddi dysfunction, hemobilia, and biliary obstruction by stones or sludge. A variety of contributing factors are implicated, including the type of reconstruction technique, use of biliary splintage, type of liver transplant procedure, organ preservation, acute/chronic rejection, hepatic artery thrombosis, and other recipient and donor characteristics. Among these, strictures related to anastomotic procedures in association with reconstruction technique are the most common and also the most controversial in the recent literature [48] .
Often called the 'Achilles heel' of liver transplantation, biliary complications have long troubled the outcomes of transplant patients. In the pediatric population, these complications have a high frequency, and often need long-term, repeated treatment which can introduce potentially detrimental effects on graft and patient survival.
Recent improvements throughout liver transplant care, including donor allograft selection, organ preservation, immunosuppressive therapy, and standardization of biliary reconstruction, have dramatically reduced the incidence of biliary complications. We believe further improvement is possible. Biliary reconstruction is the most common site of postoperative complications in liver transplantation and thus serves as the first target for preventive measures [48] . In an effort to contribute to this advancement, we offer our patient experiences and outcomes as well as our surgical technique to be considered as a part of the surgical standard of care in liver transplantation.
